 2  4 
Introduction 4 6
Primary productivity is limited by nitrogen (N) availability in many ocean ecosystems 4 7 (Tyrrell, 1999; Deutsch et al., 2007; Moore et al., 2013) , and organisms that live there 4 8 have adaptations that help them survive in low nutrient conditions. These adaptations Technologies, Grand Island, NY, USA) by pipetting, frozen in liquid nitrogen and stored 1 5 4 at -80 ºC until processing, at which point total RNA was extracted using the Ambion 1 5 5
ToTALLY RNA kit (Life Technologies, Grand Island, NY, USA), yielding ~12 µg of 1 5 6 total RNA from each pellet. Total RNA from each sample was divided and used in two sequencing workflows: gene 1 6 0 expression analysis using strand specific sequencing of terminator exonuclease (TEX)-1 6 1 treated RNA (all time points) and primary transcriptome analysis using 5' rapid 1 6 2 amplification of cDNA ends (RACE) tagRNA-seq (12 and 24 hour time points). For gene 1 6 3 expression analysis, it is necessary to account for transcripts within the total RNA pool 1 6 4 that have undergone triphosphate to monophosphate conversion for ultimate degradation 1 6 5 (Celesnik et al., 2007; Schoenberg, 2007) . A caveat of doing time-series analysis of gene 1 6 6 expression using total RNA is that these signals are not removed and changes can be could play a significant role in interpreting differences in RNA treatment methodology. For these reasons, we chose to use TEX-treated RNA for gene expression analysis. For sequencing resulted in an average of 2.62x10 7 ± 5.77x10 6 raw reads per cDNA library for 1 8 9 the terminator exonuclease (TEX)-treated, N-deprived cells and 2.29x10 7 ± 6.99x10 6 1 9 0 reads for the TEX-treated, N-replete cells. The average quality score was Q24 1 9 1 (Supplementary Table S1 ). Differential expression was 1 9 7 calculated against a negative binomial distribution between the experimental (N-1 9 8 deprived) cells and the control (N-replete cells) at each time point (0, 3, 12, 24 hours post 1 9 9 N removal) using the DESeq algorithm (Anders and Huber, 2010; Tjaden, 2015) .
Significantly differentially abundant transcripts were determined as those with a p-value 2 0 1 < 0.05 when comparing the two treatments. Pearson correlation coefficients to previous level; these differences are likely due to low read depth mapping in non-regulated genes. Rockhopper expression values in the top 50% of the data set. To determine the primary transcriptome of MED4, we analyzed transcriptional mappings Illumina TruSeq adapters were ligated to the monophosphate groups of the transcripts 2 1 5
and cDNA was synthesized. The tagged 5' cDNA fragments were then specifically 2 1 6 amplified with PCR and sequenced using 5' RACE tagRNA-seq on a NextSeq 500 2 1 7 system with 75 bp read lengths (vertis Biotechnologie AG). To visualize the sequencing were mapped to the Prochlorococcus MED4 genome using the segemehl short read performed to determine start site differences between the transcriptional start site algorithm, we classified TSSs located on the opposite strand of an annotated gene as TSSs were those that did not fall into any of these three categories, and we noted that internal start sites in the sense orientation yield mRNAs that are called intraRNAs. difference of less than 100 between the enriched and non-enriched samples were ignored. deprivation rather than decreasing transcription overall (Table 1) . Down-regulation of a 2 9 8 substantial fraction of genes would be a rapid N-saving mechanism and was not the case 2 9 9
in Prochlorococcus MED4, indicating an active response to N deprivation compared to 3 0 0 entry into stasis. Further, the transcriptional response was rapid, with significant changes 3 0 1 in transcript abundance apparent within 3 hours of N-deprivation and additional changes 3 0 2 noted after 12 and 24 hours ( Supplementary Tables S3-S6 ). ( Supplementary Table S5 ). Members of the NtcA regulon that exhibited increased ( Supplementary Tables S3-S6 ). The NtcA regulon also regulates the urease enzyme and and showed similar increases in relative abundance at 12 hours post N deprivation. The gathering at the TSS for urtA, the first gene in the operon (Fig. S1 ). In addition, several 3 1 9
high light inducible proteins, known to respond to stress conditions in Prochlorococcus et al., 2003; Tolonen et al., 2006; Steglich et al., 2008) , increased in abundance 3 2 1 after 12 hours of N deprivation ( Supplementary Table S7 ). One of these high light 3 2 2 inducible proteins, Hli10, is encoded by a gene predicted to be regulated by NtcA Based on the Ion Torrent data set, gene expression changes in these Prochlorococcus
MED4 cells exhibited responses similar to previous studies under N-deprivation (Tolonen under N stress, we next examined the primary transcriptome of MED4 following 12 and increased under N-deprivation ( Fig. 2 ; Supplementary Table S13 ), suggesting a specific 3 4 6 regulatory response to N stress rather than erroneous transcription given that we did not 3 4 7
observe degraded and random read mapping to these genes. Eighty-five genes contained replete samples ( Supplementary Table S13 ). Based on a Wilcoxon rank sum test, 64 Transcription from an internal start site, however, was not exclusively a response to 3 5 8 nutrient deprivation. We found the internal transcription ratio increased in 13 of the 85 depleted samples ( Supplementary Table S13 ). Irrespective of condition (N-deplete vs. N-3 6 2 replete) 35 genes (~41%) showed a higher abundance of internal TSS reads compared to 3 6 3 primary TSS reads, indicating a general increase in internal transcription for those genes. Combined with 187 TSSs from 160 genes that contain only an internal TSS, of which 117 al., 2010). On the other hand, we also observed that many of these sites are located far downstream transporter Amt1 under these conditions (Tolonen et al., 2006) . Based on this, we next allow them to be regulated as part of the NtcA regulon.
3 9 0 3 9 1
As described above, N-deprivation increased internal transcription in Prochlorococcus 3 9 2 MED4 (Fig. 2) . The intraRNAs initiated from these internal TSSs could have three 3 9 3 possible functions: 1) they could be mis-transcribed, degraded or processed RNA with 3 9 4 unknown or no function; 2) they could be structural RNAs or encode peptide scaffolds 3) they could be internally transcribed genes that code for functional proteins. While the 3 9 7
intraRNAs could arise from transcriptional noise due to spurious promoter-like We observed that many genes with internal transcription under N-deprived conditions shortened translated proteins would reduce the overall N requirements of the cell. Given 4 1 2 that these cells were already nutrient stressed and exhibiting significantly reduced 4 1 3 photosynthesis and growth rates (Fig. 1) , the cell might derive a net fitness benefit by 4 1 4 expressing a partial protein which required fewer nutrients, as long as that protein proteins using NCBI's conserved domain search ( Supplementary Table S14 ). We also 4 1 8 used multiple sequence alignments (MSA) and protein threading to predict the structure 4 1 9
of multiple proteins translated from intraRNAs by comparison to known structures 4 2 0
(Supplementary Table S14 ). All of the proteins we examined by protein threading 4 2 1
( Supplementary Table S14 ) contain a possible NtcA binding site upstream of the internal 4 2 2 TSS, providing a potential mechanism for internal transcription initiation. We predict that 4 2 3
initiating translation at internal start sites would likely have one of three outcomes: 1) 4 2 4
proteins that align by MSA to all of the major structural elements of known structures 4 2 5
and retain the major carbon backbone; 2) proteins that lack all structural elements or 4 2 6 whose structure is clearly incomplete and; 3) proteins where a few specific structural 4 2 7 elements or domains are transcribed ( Supplementary Table S14 ). The cyanate ABC transporter (PMM0370) evidences no structural differences between 4 3 0 the full length translated protein and the shortened protein ( Fig. 3a , Supplementary Table   4 3 1 S14 Additionally, a number of other non-transport proteins may have been expressed in single predicted domain (Fig. 3b , Supplementary Table S14 ). RNA polymerase, vital for 4 4 3 producing actual transcripts, has an internal TSS whose transcript encodes a protein that 4 4 4
aligns to 95% of the sequence from the known PDB structure from E. coli, although 4 4 5 domain function could be slightly modified as the entire protein is predicted as a single 4 4 6 domain ( Fig. 3c , Supplementary Table S14 ). It makes sense, physiologically, that under 4 4 7 N-stress conditions the protein responsible for producing transcripts is potentially N cost-4 4 8
minimized. If these three proteins were internally translated they would provide 541 mol the iron-sulfur containing ferredoxin (Bibby et al., 2003; Thompson et al., 2011) .
5 9
Prochlorococcus also utilizes sulfolipids instead of phospholipids in its cellular 4 6 0 membrane in order to decrease phosphorus requirements (Van Mooy et al., 2006) . These abundance is not tightly controlled. One strategy for maintaining careful control of 4 7 3 protein levels is rapid RNA turnover (Steglich et al., 2010) , which allows the cell to 4 7 4
quickly adjust mRNA availability in response to stress. Prochlorococcus, for example,
has a median RNA half-life on the order of 2 minutes, which is twofold faster than that 4 7 6 observed in other microorganisms (Steglich et al., 2010) . Cells can also improve their to maximize translation rates in order to support episodes of rapid growth, we we examined the genomes of both oligotrophic k-strategists and copiotrophic r-strategists selected organisms, the pattern is opposite with no apparent deviations in the observed- translational pausing is weak in oligotrophic k-selected organisms, and therefore that they 5 0 4
would be expected to have slower translation rates than the r-strategists. This genomic 5 0 5
feature represents yet another property that may contribute to cost minimization in 5 0 6 oligotrophic microbes. We propose that there are at least two mechanisms contributing to this weak selection 5 0 9
against pausing sequences in slow-growing, oligotrophic bacteria. First, as previously 5 1 0 discussed, translational pausing would be beneficial to k-selected organisms by 5 1 1
improving the ability of cells to control protein abundance while growing in nutrient 5 1 2 limited conditions. Second, it is likely that organisms such as Prochlorococcus do not Limnol and Oceanogr 52: 2205-2220. of the gene, with the x-axis representing the distance from the primary start site. Deviations in observed to expected ratios of Gly-Gly motifs, indicative of the potential 7 4 9
for ribosomal stalling, are indicated for a set of common copiotrophic r-selected and 7 5 0 oligotrophic k-selected organisms. 
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